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SECTION  I 


INTRODUCTION 

A.  NEED  TO  MONITOR  HC1  FROM  SHUTTLE  LAUNCHES 

Because  of  the  large  quantities  of  HC1  released  Into  the  ataosphere 
froa  Space  Shuttle  launches,  significant  environaental  effects  are 
anticipated  in  the  surrounding  areas  (Reference  1).  At  present,  the 
short-and  long-tera  envJ  'Cental  effects  are  not  Nell-quantified,  and 
careful  aonltoring  of  the  HC1  transport  into  the  surrounding  areas  is 
required.  Previous  aodels  and  aeasureaents  have  shown  that  the  aaount  of 
HC1  deposited  on  the  ground  is  highly  dependent  on  aany  local 
aeteorological  conditions  (teaperature ,  huaidlty,  wind  speed  and  direction, 
etc)  (References  1-11).  Furtheraore,  HC1  can  persist  in  both  vapor  and 
aerosol  fores  with  the  relative  partitioning  depending  upon,  aaong  other 
factors,  the  HC1  and  water  partial  pressures,  teaperature,  and  the  density 
and  coaposltion  of  the  nucleation  sites.  Since  the  concentration  and  the 
transport  of  HC1  in  the  vapor  and  aerosol  foras  aay  be  quite  different,  it 
is  necessary  to  aonitor  both  foras. 

Since  aany  of  the  proposed  aonltoring  sites  are  reaotely  located,  a 
need  exists  for  a  portable  instruaent  that  can  be  placed  in  the  field 
several  days  prior  to  a  Space  Shuttle  launch.  The  HC1  aonitor  aust  also  be 
capable  of  unattended  operation.  Several  instruaents  have  been  previously 
developed  for  aonltoring  HC1,  however  they  are  one-of-a-kind  instruaents 
that  require  expert  operators  and  cannot  be  slaply  aodified  for  application 
to  the  current  problea  (References  12-15). 


B.  NOVEL  INFRARED  HC1  LAMP 


During  Phase  I  Spectral  Sciences,  Incorporated  (SSI)  has  successfully 
demonstrated  a  novel  approach  for  monitoring  HC1 .  Our  device  is  based  on 
measuring  the  infrared  absorption  of  gas-phase  HC1  and  thus  makes  use  of 
the  relatively  simple,  reliable,  and  well-developed  components  of  infrared 
technology.  Our  technique  differs  from  other  infrared  approaches 
(Reference  14)  in  that  we  utilize  a  novel  infrared  light  source.  In 
essence,  this  source  consists  of  HC1  in  a  heated  cell  which  emits  the 
characteristic  HC1  line  spectrum.  The  use  of  a  line  source  matched  to  its 
absorption  spectrum  affords  a  considerable  gain  in  sensitivity  over  the  use 
of  conventional  broadband  infrared  sources.  This  allows  the  use  of  a  more 
compact  multiple- pass  absorption  cell,  which  usually  is  the  dominant  factor 
in  determining  the  overall  size  and  complexity  of  the  device.  This  device 
can  be  used  to  monitor  both  vapor  and  aerosol  forms  of  HC1 .  The  vapor  HC1 
is  measured  directly  and  the  aerosol  HC1  is  determined  by  preheating  the 
incoming  sample  in  order  to  vaporize  the  HC1 . 

A  conceptual  view  of  the  advantage  of  the  HC1  infrared  lamp  over  a 
conventional  infrared  source  is  shown  in  Figure  1.  Hot  HC1  emits  at 
characteristic  wavelengths,  as  indicated  by  the  narrow  lines.  Cold  HC1, 
such  as  would  be  found  in  the  atmosphere,  absorbs  in  the  same  lines  as  the 
hot  HC1  emits.  Thus,  when  the  HC1  lamp  emission  is  passed  through  an 
absorption  cell  containing  HC1,  a  large  decrease  in  the  source  intensity  is 
expected.  A  conventional  infrared  source,  typically  a  resistively  heated 
piece  of  metal  or  ceramic,  has  a  spectrally  continuous  emission  pattern  as 
indicated  in  Figure  1.  When  this  source  is  passed  through  an  HC1 
absorption  cell,  only  a  small  fraction  of  the  light  is  absorbed.  Detecting 
HC1  absorption  with  a  conventional  infrared  source  then  involves  measuring 
a  small  difference  of  large  signals.  With  the  HC1  lamp,  however,  one  is 
measuring  a  large  difference  of  large  signals. 
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Figure  1.  Advantage  of  HC1  Infrared  Lamp  Over  a  Conventional  Infrared 
Light  Source. 

C.  PROPERTIES  OF  HCJ  EM I  SSI ON -ABSORPTION  SPECTRUM 

The  previous  section  presented  a  somewhat  idealized  picture  of  the  HC1 
emission  lamp.  In  this  section,  the  accurately  known  spectroscopic 
parameters  (References  16  and  17)  of  HC1  are  used  to  more  realisti¬ 
cally  determine  the  expected  properties  of  both  the  HC1  emission  and  absorn 
tion  spectrum.  The  well-documented  (References  18  and  19)  computational 
algorithms  for  predicting  molecular  emission  and  absorption  spectrum  are 
not  repeated  here. 


An  example  HC1  absorption  spectrum  in  the  P-branch  region  is  shorn  in 
Figure  2.  A  nearly  symmetrical  R-brench  spectral  region  exists,  although 
it  is  not  shown,  extending  from  around  2900-3200  cm-1.  The  designation  P 
or  R  branch  is  standard  spectroscopic  notation  for  the  low- or  high-wave 
number  portion  of  the  spectrum  of  a  linear  molecular,  such  as  HC1.  Within 
each  branch,  the  individual  lines  are  sequentially  numbered  (as  indicated 
for  the  P  branch)  starting  with  P ( 1 )  and  R(0).  The  lines  occur  in  pairs 
due  to  the  two  isotopic  forms  of  chlorine  with  natural  relative  abundances 
for  HC1  35  of  75.5  percent  and  for  HC1  37  of  24.5  percent. 
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Figure  2.  Example  HC1  Absorption  Spectrum.  Assumed  Conditions:  1  atm 
Total  Pressure,  10  meters  Path,  295  K,  0.5  ppm  HC1 . 


An  example  of  the  expected  HC1  lamp  emission  spectrum  is  shown  in 
Figure  3.  The  conditions  were  chosen  so  that  the  peaks  of  the  major 
isotopic  lines  (H35C1)  are  just  optically  black,  and  thus  reach  the 
indicated  blackbody  limit.  Because  the  HC1  emission  occurs  at  a  much 
higher  temperature  than  the  atmospheric  absorption,  the  emission  spectrum 
dies  off  much  slower  for  the  higher  rotational  lines.  This  makes  it 
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possible  to  pick  one  eaission  line  which  is  strongly  absorbed  by  the  cold 
ataospheric  HC1  (P(2)-P(5)  are  possible)  and  another  eaission  line,  P(9)  or 
higher,  which  is  not  significantly  absorbed  by  the  ataospheric  HC1 . 

Siailarly,  in  the  R-branch  region,  the  R(l)-R(4)  eaission  lines  would  be 
strongly  absorbed  by  ataospheric  HC1  and  the  R(9)  or  higher  eaission  lines 
would  not  be  significantly  absorbed. 


Figure  3.  Example  HC1  Emission  Spectrua.  Assumed  Conditions:  2  cm 

Path,  800  K,  1.5  ata  Total  Pressure,  0.15  ata  HC1 ,  Sapphire 
Windows . 

The  infrared  light  source  is  the  key  eleaent  in  our  aeasureaent 
scheae.  The  aost  significant  feature  of  this  source  is  that  the  HC1  line 
eaission  is  auch  higher  than  the  background  contlnuua  level  froa  the  hot 
windows.  This  light  source  eaits  aost  of  its  energy  where  HC1  absorbs,  and 
saall  concentrations  of  HC1  in  an  absorption  cell  would  cause  large  changes 
in  absorption.  The  eaissions  froa  the  windows  are  ainiaized  by  using  a 
very  low  ealsslvity  aaterial.  Both  sapphire  and  water- free  quartz  are 
excellent  window  aaterials  for  this  application  (References  19  and  20). 
The  entire  HC1  spectrua  occurs  near  the  ainiaua  of  an  ataospheric  water 
vapor  transalsslon  window. 


5 


— px  ujiwwti"*  L'-^arv  w  wbtw  i*x  wjj.  *f«®  m  " 


D.  PHASE  I  OBJECTIVES 

The  overall  objectives  of  the  Phase  I  effort  were: 

o  experimental  demonstration  of  the  HC1  Infrared  lamp,  and 

o  design  of  a  breadboard  HC1  monitor  to  be  built  and  field  tested 
in  Phase  II 

The  experimental  demonstration  of  the  HC1  lamp  involved  two  separate 
measurements.  First,  the  spectral  output  of  the  lamp  was  measured  to 
ascertain  the  relative  contribution  of  molecular  line  emission,  window 
emission  and  other  continuum  emission  sources.  Second,  the  HC1  lamp  was 
used  in  conjunction  with  a  cold  HC1  absorption  cell  to  demonstrate  the 
potential  sensitivity  to  the  small  ambient  HC1  concentrations  expected  for 
the  shuttle  launches. 

The  results  of  the  emission  and  absorption  experiments  were  utilized 
in  the  design  of  the  Phase  II  breadboard  monitor.  The  major  considerations 
in  the  design  effort  included  optimization  of  the  HC1  lamp,  selection  of 
emission-absorption  measurement  spectral  bandpasses,  and  evaluation  of 
material,  size,  and  power  constraints.  Both  the  results  of  the  Phase  I 
experiments, as  well  as  the  Phase  II  breadboard  monitor  design  study ,  are 
discussed  in  the  following  sections. 
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SECTION  II 


PHASE  I  EXPERIMENTS 


A.  EMISSION  EXPERIMENTS 

The  experimental  configuration  for  the  spectroscopic  measurements 
appears  in  Figure  4.  An  oven  maintained  a  high  temperature  (about  700°C  at 
the  center)  in  a  16.3  cm  long  quartz  cell  with  1.25  mm  thick 

infrared-quality  quartz  windows.  A  CaFg  lens  imaged  the  radiation  from  the 
center  of  the  cell  through  a  chopper  and  onto  the  entrance  slit  of  a 

monochromator  (Spex*1681).  The  smallest  slits  employed  were  0.25  mm, 

corresponding  to  3  wave  numbers  resolution.  A  detector  (Infrared 

Industries  PbSe  type  5757)  at  the  exit  slit  then  provided  a  signal  for  a 

LAYOUT  FOR  EMISSION  EXPERIMENT 


Figure  4.  Emission  Experiment.  Heater  Maintains  Hot  Cell  at  700°C. 

Radiation  Passes  from  Left  to  Right  from  Hot  Cell,  Through 
Imaging  Lens  and  Chopper,  and  Falls  on  Entrance  Slit  of 
Monochromator.  The  Infrared  PbSe  Detector  is  at  Monochromator 
Exit  Slit. 
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lock-in  amplifier  (Princeton  Applied  Research  Model  128A)  synchronized  to 
the  chopper.  The  detector  was  cooled  with  its  attached  thermoelectric 
cooler.  The  monochromator  was  scanned  through  the  wavelength  region  of 
interest  and  the  emission  spectrum  was  recorded  on  a  strip  chart. 

Taking  a  methane  spectrum  served  as  a  test  of  the  experimental  method, 
since  methane  is  nontoxic  and  emits  in  the  same  region  as  HC1.  The  cell 
held  one  third  of  an  atmosphere  of  a  mixture  of  10  percent  methane  in 
nitrogen;  the  total  pressure  of  this  sample  rose  to  one  atmosphere  at  the 
high  temperature,  so  that  the  stress  on  the  cell  windows  was  small.  A  scan 
several  minutes  in  duration  resulted  in  Figure  5.  The  individual  emission 
peaks  are  clearly  resolved  and  correlate  well  with  previous  methane 
absorption  spectra. 
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Figure  5.  Observed  Methane  Emission  Spectrum. 
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A  representative  HC1  spectrum  appears  in  Figure  6.  The  hot  cell 
contained  2  percent  HC1  in  nitrogen,  again  with  the  room  temperature  fill 
pressure  being  one-third  of  an  atmosphere. 
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Figure  6.  Observed  HC1  Lamp  Emission  Spectrum. 

1.  Analysis  of  the  HC1  Emission  Spectrum 

The  emission  spectrum  of  the  HC1  lamp  can  be  simply  modeled  in 
terms  of  the  known  optical  properties  of  both  the  HC1  and  the  quartz 
windows.  The  optical  parameters  which  characterize  the  lamp  are  the 
optical  opacities  (also  called  optical  depth)  of  the  gaseous  HC1  and  the 
quartz  windows.  For  a  gas  the  optical  depth  is  determined  by 

x  —  c  K(X,T,P)I  (1) 


where  c  xs  concentration,  K  is  the  absorption  coefficient,  and  I  is  path 
length.  The  absorption  coefficient  for  a  gas  generally  depends  on 
wavelength,  X,  temperature,  T,  and  total  pressure,  P.  The  formulas  for 


determining  the  absorption  coefficient  for  a  linear  molecular,  such  as  HC1, 
are  well-documented  (References  18  and  19)  and  are  not  repeated  here.  For 
a  solid,  the  optical  depth  is  given  by 

x  =  K(\,T)t  (2) 

where  t  is  thickness,  and  the  absorption  coefficient  depends  only  on 
wavelength  and  temperature. 

The  relative  emission  (also  called  emlssivity)  of  the  HC1  lamp  is 
approximated  as  a  homogeneous  source  and  is  given  by 

e(\)  =  1  -  exp(-xHci  "  2Xq)  (3) 

where  the  factor  of  2xq  arises  because  there  are  two  quartz  windows. 
Because  the  emlssivity  of  quartz  is  much  lower  in  the  P-branch  region  of 
the  HC1  spectrum,  we  chose  this  spectral  region  to  perform  the  absorption 
sensitivity  study  which  is  described  in  the  following  section.  The 
emissivity  of  quartz  is  nearly  flat  from  around  3  to  3.5  pun.  The 
temperature-dependence  of  the  quartz  absorption  coefficient  is  shown  in 
Figure  7. 

Using  the  same  conditions  as  in  the  measured  HC1  emission 

spectrum,  the  predicted  P-branch  spectrum  is  shown  in  Figure  8.  The  good 

agreement  with  the  measured  spectrum  demonstrates  that  the  behavior  of  the 
HC1  lamp  can  be  simply  and  accurately  modeled.  The  relatively  high  window 
continuum  emission  level  is  due  to  the  rather  thick  "off-the-shelf"  windows 
which,  due  to  time  constraints,  had  to  be  used  in  Phase  I.  In  Phase  II,  the 
emission  cell  will  be  more  compact, al lowing  thinner  windows.  We  anticipate 
that  the  Phase  II  lamp  windows  can  be  about  one-third  the  thickness  of  the 
present  windows  (this  is  discussed  further  in  Section  III).  The  estimated 

Phase  II  lamp  output  is  shown  in  Figure  9.  In  this  case,  the  HC1  line 

emission  will  account  for  approximately  30  percent  of  the  total  light 
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Figure  7.  Temperature  Dependence  of  Quartz  Absorption  Coefficient 
(Reference  21). 
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Figure  8.  Predicted  HC1  Lamp  Emission  Spectrum  for  Comparison  to 
Observed  Spectrum. 
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Figure  9.  Predicted  HC1  Lamp  Emission  Spectrum  for  Improved  Phase  II 
Design . 


output.  This  can  be  contrasted  with  a  conventional  infrared  source  where 
only  approximately  0.3  percent  of  the  light  falls  within  the  HC1  absorption 
1  ines . 

B.  ABSORPTION  EXPERIMENTS 


In  these  experiments,  the  image  of  the  center  of  the  hot  cell  first 
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LAYOUT  FOR  ABSORPTION  EXPERIMENT 


Figure  10.  Absorption  Experiment.  Radiation  Passes  from  Left  to  Right 
out  of  the  Hot  Cell,  Through  Imaging  Lens  and  Chopper  and  is 
Focussed  into  Center  of  Sample  Cell.  This  Image  of  the  Hot 
Cell  is  then  Imaged  by  the  Second  Lens  onto  the  PbSe  Detector 


Figure  11.  Transmittance  Curves  for  Infrared  Filters  Used  in  the 
Emission-Absorption  Measurements . 
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The  chopper  immediately  followed  the  first  lens.  The  chopper  was  a  round 
disk  with  two  off-center  holes,  180°  apart.  Each  hole  held  a  bandpass 
filter;  one  was  centered  at  3.2pm,  the  other  at  3.4pm.  The  filter 
transmission  curves  are  shown  in  Figure  11.  As  discussed  below,  the  room 
temperature  HC1  absorbed  the  emission  lines  more  strongly  at  the  longer 
wavelength  band.  Two  test  tube  clamps  held  the  room  temperature  absorbing 
cell  in  the  optical  path. 

The  absorptions  of  several  different  concentrations  of  HC1  were 
measured.  The  output  of  the  detector  as  a  function  of  time  consisted  of 
alternating  3.4  and  3.2pm  signal  pulses,  with  intensities  Iab8  and  Iref 
respectively,  separated  by  intervals  of  no  signal.  These  pulses  could 
either  be  directly  observed  on  an  oscilloscope  or  directed  to  an  A/D 
converter  linked  to  a  computer  (Compaq)  for  measurement.  Both  measurement 
techniques  gave  consistent  results.  All  the  plotted  data  came  from  the 
computer,  which  was  preferred  for  its  ease  of  use  and  precision.  The  ratio 
of  the  absorbing  to  the  nonabsorbing  band  intensities  for  the  cell 
containing  HC1, 


R1 


*abs 

rref 


(4) 


is  one  of  the  two  ratios  needed  for  calculation  of  the  HC1  concentration. 
The  other  required  ratio  is  that  of  these  two  bands  for  a  path  containing 
no  HC1 ,  in  order  to  normalize  Rj  to  the  total  intensities  in  each  band. 
Here,  the  intensities  are  called  1®^  and  I°ef.  and  their  ratio  is 


r2  = 


abs 


ref 


(5) 


A  breadboard  instrument  will  include  both  paths  in  its  optical  design. 
Replacing  the  HCl-containing  cell  with  an  empty  cell  provided  a  simulation 
of  such  an  arrangement  for  these  experiments.  Here,  however,  the 
measurements  of  the  two  ratios  occurred  about  a  minute  apart,  while  the 
breadboard  instrument  will  make  both  measurements  once  per  chopper 
rotation,  within  a  fraction  of  a  second.  For  the  present  results,  small 
drifts  in  the  detector  response  and  the  emission  cell  temperature  occurred 


between  the  two  measurements  and  contributed  to  the  scatter  of  the  data. 
The  test  tube  clamps  did  not  allow  highly  reproducible  positioning  of  the 
absorbing  and  empty  cells,  so  that,  in  some  cases,  some  radiation  from  the 
hot  cell  walls  might  have  been  reflected  by  the  wall  of  the  second  cell 
into  the  detector,  increasing  the  background  over  the  molecular  emission. 

The  concentration  of  HC1  is  correlated  with  the  absolute 
transmittance  t,  where 

T  —  R|/R2  .  ( 6 ) 

This  overall  ratio  is  slightly  less  than  1.0,  which  is  its  limiting  value 
as  the  concentration  approaches  zero.  The  difference  between  the  overall 
ratio  and  1.0,  the  fractional  absorption 

«  =  1  -  T  (7) 

thus, increases  with  concentration.  Figure  12  contains  the  measured  values 
of  a  plotted  against  concentration.  Each  measurement  is  the  average  of  a 
number  of  values  of  o.  The  error  bars  show  the  root  mean  square  deviation 
of  the  measurements.  The  actual  HCL  concentrations  in  one  atmosphere  of 
mixture  in  the  absorbing  cell  were  132  ppm,  316  ppm,  1147  ppm,  and 
2240  ppm.  However,  the  absorption  is  proportional  to  the  product  of 
concentration  and  path  length,  so  the  concentrations  shown  in  the  figure 
are  reduced  from  the  experimental  values  by  the  ratio  of  the  16.3  cm  path 
length  in  the  present  experiment  to  the  10-  meter  path  length  in  the 
proposed  breadboard  instrument.  The  concentrations  in  the  plot  then  match 
the  concentrations  which  would  produce  the  observed  overall  ratios  in  the 
breadboard.  Despite  the  inaccuracies  with  the  present  preliminary 
measurement  technique,  concentrations  down  to  2  ppm  provided  clearly 
detectable  changes  in  the  average  overall  ratio. 
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Figure  12.  Comparison  of  Measured  to  Predicted  Fractional  Absorption  of 
HC1  Emission  Lamp  by  HC1  Absorption  Cell.  (Calculated  concen¬ 
trations  based  on  a  10-meter  pathlength) 

1.  Analysis  of  Emission-Absorption  Experiment 

The  dependence  of  the  fractional  absorption  of  light  on  the 
concentration  of  HC1  in  the  absorption  cell  is  modeled  by 


where 


e(X)  Ta( X )  Tf(\)  dX 


€ ( X )  Tf(X)  dX 


where  c(\)  is  the  emissivity  of  the  HC1  lamp,  Tg(X)  is  the  transmission 
function  of  the  HC1  in  the  absorption  cell,  and  Tf(X)  is  the  infrared 
filter  transmission  function.  The  comparison  of  the  theoretical  to  the 
observed  fractional  absorption  is  shown  in  Figure  12.  Note  that  the 
experimental  results  are  presented  in  terms  of  an  equivalent  concentration 
for  a  10  meter  absorption  path.  The  10  meter  path  length  will  be  used  in 
the  Phase  II  breadboard  by  employing  a  multiple-reflection  40-pass  white 
cell  of  length  25  cm.  The  good  agreement  between  the  theoretical  and 
experimental  results  demonstrates  that  the  basic  measurement  concept  is 
sound.  In  spite  of  the  crude  nature  in  which  the  emission-a'bsorption 
experiments  were  performed  it  is  remarkable  that  we  were  able  to 
demonstrate  a  detectable  absorption  as  low  as  -2  ppm.  With  the  improved 
emission  cell  design  and  the  real-time  self-calibrating  optical  layout 
discussed  in  Section  III,  we  are  confident  that  an  ambient  HC1 
concentration  as  low  as  0.1  ppm  should  be  readily  detectable  with  the  Phase 
II  instrument. 


SECTION  III 


PHASE  II  BREADBOARD  HC1  MONITOR 

This  section  describes  the  breadboard  instrument  to  be  constructed  in 
Phase  II.  The  instrument  consists  of  a  specially  designed  HC1  infrared 
lamp  source,  which  goes  through  a  long- path  absorption  cell  whose  optical 
train  and  operation  are  discussed  in  Section  IIIA.  The  description  of  the 
source  is  discussed  in  Section  IIIB. 

The  portable  breadboard  instrument  would  feature  this  optical 
arrangement,  mounted  so  that  both  calibration  and  field  testing  can  be 
achieved,  and  would  include  a  means  for  cycling  new  air,  which  may  contain 
HC1  in  either  vapor  or  aerosol  forms,  through  the  instrument.  From  this 
breadboard  instrument,  a  ruggedized  field  instrument  design  can  be 
finalized. 

A.  OPTICAL  TRAIN 

The  optical  train  of  the  proposed  instrument  is  shown  in  Figure  13. 
Phase  II  of  this  program  would  involve  construction  of  a  breadboard 
apparatus  using  this  arrangement  and  carrying  it  from  laboratory  proof  of 
principle,  through  calibration,  to  field  testing.  The  breadboard 
instrument  could  be  modified  in  the  development  of  a  brassboard  prototype 
for  Phase  III. 

The  optical  train  is  centered  on  a  HC1  lamp  (1)  which  is  described  in 
more  detail  in  Part  B  of  this  section.  Light  from  this  lamp  is  focused 
through  lens  (2)  and  directed  by  mirrors  (3)  and  (4)  into  a  long-path 
absorption  cell.  Some  of  the  light  is  split  off  from  this  beam  by  a  beam 
splitter  (5)  to  form  a  reference  leg.  The  light  is  also  chopped  by  a 
filter  wheel  (8)  so  that  it  passes  two  colors,  alternately,  into  the  long 
path  absorption  cell. 
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OPTICAL  AMS 


DETAIL  A 


Figure  13.  Optical  Layout  for  Phase  II  Breadboard  Instrument.  See 

Subsection  IIIA  for  Detailed  Description  of  Each  Numbered 
Part. 


The  long- path  absorption  cell  is  of  a  white- cell  geometry,  with  a 
numerical  aperture  of  F:6  and  a  pathlength  of  25  cm  (10  inches).  Using 
multiple  passes,  a  total  path  of  10  meters  forms  the  absorption  region. 
The  multiple  pass  cell  consists  of  three  mirrors  (7),  (8)  and  (9)  each 
having  a  radius  of  curvature  equal  to  25  cm  and  separated  by  25  cm, as  shown 
in  Figure  13.  The  light  focused  through  a  slot  cut  in  the  front  mirror  (7) 
is  reflected  by  mirror  (8)  and  refocused  onto  mirror  (7).  Because  of  the 
curvature  on  mirror  (7),  light  is  reflected  onto  mirror  (9),  which  again 
returns  the  light  to  mirror  (7)  only  at  a  new  location.  After  a  total  of 


40  passes,  or  19  reflections  on  iiirror  (7)  and  10  reflections  on  each 
airror  (8)  and  (9),  the  light  leaves  the  cell  through  a  second  slot  on 
airror  (7).  This  light  is  an  expanding  cone  which  is  refocused  onto  the 
detector  (10)  by  lens  (11).  A  beaa  splitter  (12)  directs  the  radiation 
coaing  via  the  reference  leg  so  that  it  also  falls  on  the  detector  (10). 

The  reference  leg  consists  of  a  airror  (13)  and  a  lens  (14)  which 
brings  this  light  to  focus  onto  the  detector  when  the  filter  wheel  is  in 
the  pass  position.  The  light  froa  the  HC1  emission  source  is  thus, 
alternately  brought  through  the  reference  leg  and  the  saaple  call.  By 
placing  the  filter  wheel  out  of  the  plane  of  Figure  13  such  that  the 

chopper  passes  light  when  the  filter  is  at  a  45-degree  angle  (see  Detail  A) 
light  would  coae  through  the  chopper  such  that  the  reference  beaa  leads  the 
signal  beaa  by  90  degrees. 

The  filter  wheel  is  fitted  with  two  circular  filters,  as  shown  in 

Detail  A.  Light  passes  through  one  filter  which  provides  a  reference 

wavelength  where  HC1  does  not  absorb,  and  a  second  filter  where  the  HCl 

does  absorb.  The  drift, due  to  detector  sensitivity  and  laap  teaperature 
variations,  is  aonitored  by  light  passing  through  the  reference  path.  A 
siaulated  signal  is  illustrated  on  the  oscilloscope  (15).  This  signal 
consists  of  the  reference  signal  froa  the  reference  filter  at  zero  degrees 
rotation  of  the  wheel  followed  by  90°  in  the  rotation  of  the  filter  wheel, 
the  reference  signal  through  the  long  path  absorption  cell,  followed  at 
180°  by  the  absorption  band  filter  through  the  reference  path,  and  finally 
at  270°  the  absorption  filter  through  the  absorption  path.  The  signal  and 
reference  position  of  the  filter  wheel  are  entered  together  into  a 
deaodulating  circuit  (16)  which, in  turn, outputs  the  total  aaount  of  HCl  in 
the  absorption  path. 

The  instruaent  thus, draws  air  through  the  absorption  path,  represented 

by  the  circle  (17),  fills  the  region  between  airrors  (7)  and  (8)  plus  (9), 

and  aonitors  this  air  for  HCl  content.  To  aeasure  both  the  aerosol  and 

gaseous  HCl,  the  air  nay  be  preheated  to  evaporate  aerosols  and  break  up 

hydrates  before  they  enter  the  absorption  path.  The  total  size  of  this 

flow  instruaent,  together  with  the  optical  train  and  monitoring  equipment, 

3 

is  on  the  order  of  1  to  2  ft  .  The  optical  train  itself  could  be  built 
with  a  maxiaua  dimension  of  0.5  meters  (20  inches). 


B.  HC1  LAMP  OPTIMIZATION 


As  discussed  in  the  previous  section,  the  laboratory  portion  of  Phase 
I  demonstrated  the  feasibility  of  using  an  HC1  emission  source  to 
illuminate  an  ataosphere  which  contains  trace  quantities  of  HC1.  The 
laboratory  MCI  laap  was  constructed  froa  "supersil"  quartz  and  put  into  a 
coaaercial  oven.  The  size  of  the  Phase  I  laap,  its  suspension  method,  its 
emission  solid  angle,  and  its  orientation  were  all  wore  fixed  by  the  use  of 
the  coaaercial  oven  rather  than  by  any  fundamental  physical  or  optical 
constraints . 

The  development  of  a  tailored  laap  is  discussed  here.  The  size, 
aperture,  and  power  requireaents  for  an  operational  system  are  analyzed  for 
a  proposed  prototype  design.  Other  design  constraints,  such  as  mounting 
requireaents  and  baffle  design,  would  be  left  until  after  the  breadboard 
HC1  detector  has  been  tested,  as  these  parameters  are  somewhat  driven  by 
the  operational  characteristics  of  the  instrument. 

The  design  of  the  brassboard  laap  is  shown  in  Figure  14.  This  laap 
consists  of  a  quartz  cell  with  optically  flat  windows  (1)  which  is  filled 
to  1/3  ata  of  a  N2,  HC1  mixture,  then  sealed.  The  dimensions  of  this  cell 
are  approximately  4  mm  diameter  and  2.54  cm  long.  The  window  thickness  of 
0.5  mm  (.02  inches)  minimizes  window  eaisslvity  while  providing  adequate 
structural  strength.  The  cell  is  supported  in  an  oven  by  a  high 
temperature  ceramic  potting  compound  (2)  in  which  is  embedded  24  ga. 
Kanthal  wire  (Fe-Cr-Al-Co  alloy)  (3).  The  kanthal  wire  passes  through  the 
side  of  the  beater  assembly  (4)  by  ceramic  feed-throughs  (5).  Th1;  kanthal 
wire  is  heated  resistively  by  passing  current  from  either  a  battery  or  a 
small  generator  in  the  breadboard  instrument. 
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Figure  14.  Phase  II  HC1  Laap  Design.  See  Subsection  IIIB  for  Detailed 
Description  of  Each  Nuabered  Part. 

To  ainlalze  the  heat  loss  of  the  laap,  approxiaately  1-inch  thick 
ceraaic  fiber  Insulation  (6)  shields  the  heater  wire  froa  the  outside  body. 
The  top  and  bottoa  of  the  heater  asseably  uses  end  bells  (7)  and  (8)  to 
contain  this  insulation.  These  are  attached  by  saall  screws  (9)  and  (10) 
along  the  periaeter  of  the  heater.  To  further  reduce  heat  loss,  a  sapphire 


window  (11)  is  placed  on  the  front  (top)  side  of  the  heater  and  held  in 
place  with  retainer  (12).  The  entire  housing  of  this  lamp  is  made  of  black 
anodized  aluminum  to  keep  the  outer  jacket  from  becoming  too  hot. 

The  main  sources  of  energy  loss,  other  than  the  radiation  in  the  HC1 
band,  are  due  to  black  body  radiative  losses  near  the  heater  coils, 
conduction  through  the  ceramic,  and  convection  of  heat  from  the  hot  parts 
to  the  end  window,  a  subsequent  conduction  to  the  heater  frame.  The  outer 
metal  jacket  is  designed  to  lose  heat  efficiently  to  the  surrounding  air, 
so  that  the  lamp  can  operate  at  a  constant  temperature. 

The  energy  consumed  due  to  radiation  losses  is  given  by 

Qr  «  agot4  ( 1 1 ) 

where  A  is  the  radiating  surface  area,  €  the  emissivity  equal  to  0.8  for 
the  portions  of  the  insulation  doing  the  radiating,  cr  the  Stefan-Boltzmann 
constant  is  equal  to  5.7  x  10_12W/°K4cm2 ,  and  T  is  the  temperature,  picked 
at  a  conservative  1000  °K.  The  surface  area  is  approximately  6  cm2  for  the 
exposed  portions  of  the  cell.  Thus,  the  radiative  loss  is  approximately  27 
watts . 

Conduction  through  the  side  walls  which  directs  heat  away  from  the 
cell  region  is  minimized  by  using  a  ceramic  paper  insulation.  This 
insulation  has  conductivities  ranging  from  0.3  to  0.5  Btu  in/hr  ft2  °F, 
corresponding  to  k=5  to  7  x  10~4  W/cm°K .  The  conduction  heat-loss  equation 
is  given  by: 

„  2xkl AT  _  . 

Qc  =  ln(r0/ri)  (12) 

where  rQ  is  the  outer  radius  of  the  insulation,  equal  to  3.5  cm,  r^  is  the 
inner  radius,  equal  to  1  cm,  and  L  is  the  length  of  the  cell,  equal  to  7.5 
cm.  The  temperature  drop  across  the  insulation  is  approximately  650  to 
700°K .  Thus, Qc  =  17  watts. 
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The  convective  heat  losses  of  the  laap  are  much  harder  to  estimate, 
but  by  assuming  worst-case  conditions,  that  of  free  convection  across  the 
hot  windows  transferring  energy  to  the  sapphire  flats,  Nusselt  numbers  of 
approximately 

Nux  =  =  0.38  (13) 

are  expected,  where  h  is  the  convective  heat  transfer  coefficient  in 
watts/cm2  °K,  K  is  the  conductivity  of  air,  equal  to  6.5  x  10-4  Watts/cm 
°K.  and  x  is  the  boundary  layer  thickness,  at  1  cm.  Thus,  h  =  2.4  x  10-4 
watts/cm2oK,  and  the  total  heat  loss  through  convection  is  on  the  order  of 
1  watt.  Thus,  for  the  design  shown  in  Figure  14,  the  total  power 
dissipation  is  on  the  order  of  45  watts,  the  major  portion  of  which  is  due 
to  radiation  through  the  end  ports. 

The  laap  design  shown  in  Figure  14  has  several  unique  features.  The 
laap  is  arranged  vertically  so  that  free  convection  does  not  cool  down  the 
cell  windows.  The  sapphire  flat  on  the  top  end  forms  a  "storm  window" 
effect  to  ainiaize  convective  heat  losses.  High-resistivity  insulation  is 
used  to  minimize  conductive  losses  through  the  side  walls.  Finally,  a 
minimum  exposed  area  has  been  designed  into  the  lamp  to  minimize  radiative 
losses  and  still  provide  an  acceptable  aperture  (laap  solid  angle). 

This  lamp  design  would  be  constructed  in  the  Phase  II  development 
portion  of  the  contract  and  tested  to  assure  proper  operation. 
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